Growth of porous anodic alumina films has been examined at 10 V in hot phosphatecontaining glycerol electrolyte containing from 0.1 to 0.57 mass% water. The growth rate of the films is highly dependent upon the water content of the electrolyte, reducing markedly at a water content of 0.1 mass%, an opposite trend to that found previously for formation of porous films on titanium and niobium. Chemical dissolution of the anodic alumina is also suppressed in electrolyte of low water content. GDOES depth profiles revealed that an increased water content of the electrolyte promoted incorporation of phosphorus species into the films, although chemical dissolution reduced the amounts of phosphorus in the outer regions. Carbon species also appeared to be present in films, particularly at lower water content. Using a niobium oxide outer layer to suppress chemical dissolution resulted in films that were about 1.2 times the thickness of the consumed aluminium for an electrolyte containing 0.25 mass% water. The expansion suggests possible contribution of field-assisted flow of film material in growth of the porous anodic film.
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Introduction
Porous anodic films formed in acid electrolytes have been used practically for the surface protection of aluminium alloys, for example, in architecture and aerospace. They have been of increased recent interest in the field of nanotechnology [1] [2] [3] [4] [5] , since ideally ordered pores can now be developed [6] . The films comprise approximately hexagonal cells of amorphous alumina, each with a central pore, in a honeycomb-like arrangement [7, 8] . ions being directly ejected to the electrolyte at the film/electrolyte interface [10] . 4 The mechanism of film growth and pore generation remains a subject of interest, since the details of ionic migration and pore formation processes are still subjects of discussion. From sequential anodizing experiments using 18 O enriched and depleted H 2 SO 4 electrolytes, pore formation by field-assisted dissolution has been proposed [11] . Recent studies using a nanometre-thick tungsten tracer layer incorporated into porous anodic films suggest that flow of alumina may also have a major role in film formation [12, 13] . The flow of anodic oxide arises from field-assisted plasticity of the film and the generation of stress due to electrostriction and the formation of film material [14, 15] . The displacement of film material from the pore base to the pore wall may explain the increased thickness of the alumina film with respect to the thickness of aluminium that is oxidized [16] .
Porous anodic alumina films are usually formed in aqueous acid electrolytes, such as sulphuric acid, oxalic acid and phosphoric acid. Recently, it has been found that porous anodic oxide films are formed in phosphate-glycerol electrolyte at an elevated temperature of 433 K. In this electrolyte, porous films may be developed on a range of valve metals, including aluminium [17] , niobium [18] , tantalum [17] and titanium [19] [20] [21] . In the present study, the growth of porous anodic alumina films has been investigated in K 2 HPO 4 -glycerol electrolyte at 433 K using field emission gun scanning electron microscopy (FEG-SEM), 5 transmission electron microscopy (TEM) and glow discharge optical emission spectroscopy (GDOES). In particular, the influence of the water content of the electrolyte on the formation of the films has been examined, since its significant influence on the growth rate of porous titania and niobia films has recently been reported [20, 22] .
Experimental details
Specimens were prepared from 99.99% pure aluminium sheet that had been 
Experimental Results
3.1.
Influence of water content of the electrolyte (Table 1 ).
There is a good correlation between the film thickness and the electric charge passed during anodizing at 10 V in 0.8 mol dm -3 K 2 HPO 4 -glycerol electrolytes with different water concentration (Fig. 3) . The anodic film thickens in proportion to the electric charge, irrespective of the water content of the electrolytes. A slope of 3.5×10 -11 m 3 C -1 is calculated for the growth rate of the present porous anodic alumina films, which is about two third that for the growth of barrier-type anodic films at high current efficiency [23] .
Compositional information for the anodic films has been obtained by GDOES elemental depth profiling analysis (Fig. 4) . In Fig. 4 , a sharp increase in aluminium intensity and rapid decrease in the oxygen intensity at sputtering times of 3.5, 13 and 10 s correspond to the metal/film interface for the anodic films formed in the electrolytes containing 0.1, 0.25 and 0.57 mass% water respectively. The ratio of the sputtering times for the latter two specimens is consistent with the thickness ratio of the anodic films (Table   1 ), but the sputtering time for the anodic film formed in the electrolyte containing 0.1 10 mass% water is longer than that expected from the film thickness. The reduced average sputtering rate for the latter film is possibly due to its apparently low porosity (Fig. 2) .
Phosphorus species are incorporated throughout the thickness of all three anodic films, but with a reduced content for the anodic film formed in the electrolyte containing 0.1 mass% water. The incorporation of phosphorus is significant in the inner regions of the other two anodic films, with its reduced presence in the outer part of the anodic films probably associated with chemical dissolution of the pore wall material. Phosphate ions are usually located in the outer part of the pore walls of porous anodic alumina films formed in aqueous phosphoric acid electrolytes [24] . The presence of carbon species is also evident throughout the film thickness in the anodic film formed in the electrolyte with the lowest water content, and in the outer part of the anodic film formed in the electrolyte containing (Table 1) .
Thickness expansion by anodizing 11
The ratio of the anodic film thickness to the thickness of aluminium consumed has been examined using sputter-deposited aluminium films anodized in the electrolyte containing 0.25 mass% water. The current transient of the aluminium film sputter-deposited on glass (Fig. 6 ) is similar to that of the electropolished aluminium sheet (Fig. 1) .
Following the quasi-steady current region up to an anodizing time of 530 s, the current confirmed by GDOES elemental depth profile analysis (Fig. 9) , although the amount of niobium is markedly reduced during anodizing. The increased expansion factor obtained with the use of a niobium layer has resulted from suppression of chemical dissolution of the anodic alumina by the outer layer of niobium oxide.
Discussion
Influence of water content
The importance of water content in the formation of porous anodic films on valve metals in hot phosphate-glycerol electrolytes has been reported previously [20, 22] . The growth rate of porous niobium oxide films at a formation voltage of 10 V is highly enhanced by the reducing water content to less than 0.1 mass% [22] , which is associated with a reduced thickness of the barrier layer, and hence increased field strength in the barrier layer during film growth. The ionic migration is therefore enhanced, resulting in an increased growth rate of the anodic film. The incorporation of phosphate into the anodic film is also accelerated by a reduced water content, which may be due to the increase in the electric field [25] . Similarly enhanced film growth is also found in anodizing of titanium [20] .
In contrast to the anodizing behaviour of niobium and titanium, the growth rate of the porous anodic film is reduced markedly on aluminium in the electrolyte of the lowest water content, i.e. 0.1 mass%. Further, the thickness of the barrier layer between the porous layer and aluminium substrate is not dependent strongly on the water content in the electrolyte. The thickness of the barrier layer is 14 nm at 10 V in the electrolyte containing 0.25 mass% water, corresponding to a field strength of 7.1 MV cm -1 . This value is ~30% lower than that in the barrier layer formed in acid aqueous electrolytes at room temperature
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(~10 MV cm -1 ). The present films also undergo significant chemical dissolution in electrolytes containing 0.25 and 0.57 mass% water. The dissolution reduces the thickness of the pore walls especially in the outer regions of the films that are exposed for the longest time to the electrolyte (Figs. 2b and 2c) . The dissolution also results in thinning of the film, which is evident from the increased film thickness that results when the outer surface of the film is protected by a thin layer of niobium oxide. In contrast, relatively thick pore walls are displayed in the anodic film formed in the electrolyte containing only 0.1 mass% water (Fig.   2a ).
It is well known that electrolyte anions species are generally incorporated into anodic alumina films formed in aqueous electrolytes [26, 27] . Phosphate anions are incorporated in the outer 70% of the film thickness for barrier-type anodic films formed at high current efficiency in phosphate-containing electrolyte [27] . In porous anodic films formed in phosphoric acid electrolyte, phosphate anions are incorporated in the outer part of pore walls as well as the outer part of the barrier layer [24] . In contrast, no detectable levels of phosphate incorporation have been reported in anodic alumina and tantala in hot phosphate-glycerol electrolyte [28] . The present GDOES elemental depth profiling revealed a limited level of phosphate incorporation for the film formed in an electrolyte with 0.1 mass% water, which increased when the water content was increased to 0.25 mass% or higher (Fig. 4) . For the incorporation of phosphate into the anodic film, some amount of water in the glycerol electrolyte appears to be necessary. One of the possible reasons for the limited incorporation of phosphate when the water content is 0.1 mass%, is the possibly competing incorporation of glycerol-derived species, as suggested by bubble-like feature found in Fig. 2a . In contrast with the behaviour of phosphorus species, the presence of carbon species appeared to be reduced with increasing content of water in the electrolyte.
However, the reduced carbon content may be an effect of the degradation of the films, and further studies are required of the behaviour of the carbon species in the films.
Mechanism of formation of porous oxide
Currently, two mechanisms for formation of porous anodic films are possibly relevant: field-assisted dissolution and field-assisted plastic flow. In the first mechanism, a relatively constant thickness of the barrier layer during the formation of a porous film is achieved by a balance between the rate of formation of fresh film material, presumed to occur by inward migration of oxygen species to the metal/film interface, and an accelerated dissolution of the alumina at the pore base regions, due to the high electric field. In the second mechanism, flow of the anodic alumina away from the pore base regions replaces field-assisted dissolution as the main process that maintains a steady thickness of the barrier layer.
The dominant mechanism appears to depend upon the electrolytes used [12, [29] [30] [31] [32] .
The plastic flow of film material in the barrier layer has been suggested when films are formed in phosphoric acid, sulphuric acid, malonic acid and oxalic acid [12, 13, 29, 31] , which results in incorporation of anion species from the electrolyte, while field-assisted dissolution appear to be dominant in the formation of porous films in chromic acid and borax electrolytes, for which incorporation of electrolyte species into the film is negligible [30, 32, 33] . In the latter electrolytes, the thicknesses of the anodic films are similar to that of aluminium consumed by anodizing. In contrast, anodic films that are significantly thicker than the oxidized aluminium develop in the former electrolytes, which results mainly from the flow of the film material.
When barrier-type anodic alumina films, with relatively low amounts of incorporated electrolyte species, are formed at high current efficiency, the thickness of the anodic film is 1.61 times that of aluminium oxidized [34] . The inner 60% of the film material is developed at the metal/film interface by ingress of O 2- ions, with the remainder of the film generated at the film/electrolyte interface by egress of Al 3+ ions (Fig. 10b) .
When porous alumina films are formed, the film material appears to be developed only at the metal/film interface and no film material is formed at the film/electrolyte interface, due to the direct ejection of Al 3+ ions migrating to the interface [26] . The condition of ejection of all outwardly mobile Al 3+ ions occurs at an efficiency of about 60%, for anodizing at moderate current densities, when the volume of formed oxide is approximately equal to the volume of metal consumed (Fig. 10c) . The formation of pores is usually associated with instability of the flat film surface when subjected to field-assisted dissolution of the alumina at local regions where the field was enhanced. Thus, if field-assisted dissolution is predominant in growth of a porous alumina film, the thickness of the anodic film should be similar to or less than that of aluminium oxidized (Fig. 10e) .
The present study reveals that the thickness of the porous anodic film formed in the phosphate-glycerol electrolyte containing 0.25 mass% water at 433 K is 1.2 times that of aluminium oxidized. The value compares with a factor of about 1.35 reported for porous films formed at a constant current density of 50 A m -2 in 0.4 M phosphoric acid electrolyte at 293 K [13] . However, the expansion of the film relative to the metal consumed tends to 
Conclusions
1)
Porous anodic alumna films developed at 10 V in 0.1 mol dm -3 K 2 HPO 4 -glycerol electrolytes containing 0.1-0.57 mass% water at 433 K, with the growth rate markedly reduced by a decrease in the water content to 0.1 mass%.
2)
Despite large dependence of the film growth rate on water content, the thickness of the barrier layer is almost independent of the water content in electrolyte.
3) Phosphorus and carbon species are incorporated into the films, with the amount of phosphorus species being enhanced in electrolyte of increased water content. However, the distributions of the incorporated species through the film thickness is affected by chemical dissolution of the film in the electrolyte, which occurs more rapidly in electrolytes of increased water content.
4)
The thickness of the anodic film, protected by a niobium oxide top layer, which suppresses chemical dissolution of the alumina, is 1.2 times that of aluminium consumed following anodizing in an electrolyte containing 0.25 mass% water. 
